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ABSTRACT 
An experimental investigation has been performed, studying hydrodynamics behaviour 
of two-dimensional bubbling in a gas-solid fluidized bed with a CCD high speed 
camera. The main focus for analysing on the influence of varies pressure and particle 
size towards the bubble diameter bubble density, bed expansion and bubble rising 
velocity. 
A method has been implemented to verify that the image recording scheme yielded 
reproducible time-averaged flow patterns. The high speed camera with a speed up to 
3,000 frames per second was placed in front of the rectangular column to observe the 
hydrodynamics behaviour. Image analysis software was used to analyse the image that 
allows determination of bubble characteristics. 
Bubble diameter will increase with height above air distributor until it reaches maximum 
bubble height, h*, beyond which bubbles do not grow further and become unstable and 
break up. The maximum bubble height, h* is a minor effect on differential particle size 
and pressure. Bubble density increase with particle size at low pressure and decrease 
with particle size at high pressure. The bed expansion increases with pressure and 
decrease with particle size. 
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1.1 BACKGROUND OF STUDY 
According to I. Roghair, 2007, fluidization is a phenomenon of transforming fixed 
bed particles which has static behavior, to a dynamic state. This is done with an 
upward fluid flow through the bed. In industry, fluidization is performed in Fluidized 
Bed Reactor (FBR). These are used in a wide field, e.g. for the polymerization of 
olefins, drying of starch and combustion of coal, but even the cinema popcorn 
machine uses the principle of fluidization. A particle system in fluidized behaves like 
a liquid. For example, the surface remains horizontally when the bed is tilted, and the 
objects with a higher density than that of the bed sink into the bed. 
When trying to describe the operation of a fluidized bed, Wurster Fluid Bed is being 
chosen as the best reference. The process starts when inlet air pushes the uncoated 
powder particles through the path of the fine mist that is released from the spray 
nozzle in the Wurster column. The coated particle travels up the Wurster column into 
an expansion chamber where it loses acceleration and starts to move outward 
towards the wall of the column. Powder particles reach their peak and fall to the 
bottom, are drawn into the underside of the column, repeating the bottom spray 
cycle. A schematic of Wurster Fluid Bed processing is shown in Figure 1.1 
I 
Figure 1.1: Schematic diagram of Wurster Fluid Bed processing. 
(http://www.mendelco.com/FiuidBedProcessing.asp, n.d) 
Fluidized bed reactors show an excellent mass and heat transfer due to rapid mixing 
of the particles. Therefore, it is often used in large scale operations. Moreover, it 
responds slowly to changes in temperature and provides an excellent gas-solid 
contact. 
The disadvantages of the fluidized bed are no uniform particle residence time, 
erosion of the vessel and internals due to the so lid phase and a low gas conversion 
rate. In this project, gas-solid fluidization is considered. Gas is distributed over the 
column in which the particle bed is present. Although depending on the process, this 
is normally done by a bottom plate with gas inlets distributed over the surface of the 
distributor. The particles experience a drag force induced by the gas flow. 
At low gas flow rates, the gas flows through the interstitial volume between the 
particles as packed bed state, Fig. 1.2 (a). Increasing the superficial gas velocity 
makes the particles to move further apart; the bed expands as the voidage between 
the particles grows larger. Bed expansion continues until the gas flow rate reaches a 
certain value. When the gravitational force equals the drag force of the gas on the 
particles, particles start to float as in Fig 1.2 (b). This gas flow rate is called the 
minimum fluidization gas velocity, Umf· 
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At gas flow rates above umf, bubbles start to form above the distributor as shown 
in Fig. 1.2 (c). The bubbles rise through the particle phase due to the buoyancy force. 
Bubbles grow larger while rising due to gas entrainment and coalescence. Depending 
on the particle classification, bubbles may also break-up. The existence of bubbles in 
a fluidized bed causes mixing of the particles. The bubbles induce a stirring action 
and convective particle transport through the bed. 
Different forms of fluidization are known. Increasing the gas flow beyond minimum 
fluidization velocity may results a bubbling fluidized bed. However, the column size 
causes the bubbles to be restricted by the walls; another regime is reached, called 
slugging as in Fig. 1.2 (d). The wide bubbles reach almost from wall to wall, while 
particles mainly rain down the wide bubbles. Entrainment of particles by the gas 
flow is shown in Fig. 1.2 (e). This work investigates the bubbling fluidization 
regime. 
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Figure 1.2: (a) Fixed bed state (b) Expanded bed at minimum fluidization gas 
velocity (c) Bubbling fluidized bed (d) Slugging regime (e) Entrainment of particles 
(I. Roghair, 2007) 
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1.2 PROBLEM STATEMENT 
Gas-solid fluidized beds are widely employed in the chemical industry. Fluidized 
beds are often operated in a continuous way: particles are continuously added to and 
removed from the bed. In this way of operating a fluidized bed, the hydrodynamic 
behavior may be altered over time, due to either imposed or unwanted changes. 
Examples of imposed changes are changes in gas velocity or particle type. Examples 
of unwanted changes are often related to agglomeration or sintering of particles. 
(Ommen, 2001) 
Moreover, fluidized beds are always been considering as unique, depend on many 
parameters such as pressure, volume, temperature, deflector, type of particle and etc. 
It is very difficult to do the study and achieve the main target; well distribution. To 
achieve well distribution throughout the process are favor by fluidized bed coating 
and combustion. 
Furthermore, fluidized bed consists of a large mass of well-mixed particles: changes 
in particle properties are likely to be spread evenly over the complete bed and it may 
take a long time before they show up as drastic events such as de-fluidization. It is 
therefore worthwhile to have access to a method for detecting subtle changes in the 
fluidized bed hydrodynamics caused by small variations in particle properties before 
a catastrophic event such as de-fluidization takes place. 
During the process, particle properties such as size change, leading to a change in the 
hydrodynamic behaviour of the fluidized bed over time. In such cases it is important 
to know when a certain desired final state is reached; a monitoring method for the 
hydrodynamics can give this information. 
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This project is performed in order to understand behavior of fluidized bed in different 
phenomena and operating parameters. Thus, the experiment will be performed to 
verify the hydrodynamics of the fluidized bed. 
1.3 OBJECTIVES AND SCOPE OF STUDY 
The objectives of this project are to study the influences of varies pressure and 
particle size on the 
i. bubble diameter 
n. bubble density 
m. bed expansion 
IV. bubble rising velocity 
Scope of study: 
i. Conducting research on the fluidization related to the study. 
n. Conducting experiments to determine the effect on different operating 





Chemical processes based on the use of fluidized solids, although widely used on an 
industrial scale for some four decades, are currently increasing in importance as 
industry looks for improved methods for handling and reacting solid materials. (J.G, 
2008). Moreover, the performance of fluidized bed coating is strongly influenced by 
the hydrodynamics of the fluidization process 
2.1.1 Size of the particle in the flnidized bed 
Shailendra, 2010, found bed voidage increases with the liquid velocity and 
depending in the particle size. It has been observed that the smaller particle size gains 
more velocity than the larger particles. Hence, bed voidage is a strong function of 
liquid velocity; it increases with the liquid velocity. The small particle size has more 
bed voidage than the larger particle size. In addition, it is easier to maintain 
fluidization quality with particles having a wide range that with particles of uniform 
size. In Tao Zhou, 1999 shows that the fluidized characteristics is greatly affected by 
the size of particles, and the smaller the size of particles, the bigger the inter-particle 
force, the worse the fluidized behaviour. Therefore with decreasing the size of 
particles, the required superficial gas velocity for fluidizing cohesive particles 
increases, and the bed pressure drop decreases, and the collapsing time is from long 
to short, and the elutriation increases. Moreover, particles naturally agglomerate to 
reduce the surface energy when the size of particles decreases to a certain value, such 
as several micrometers. Furthermore, the influence of extreme-sized particles m 
small proportions is insignificant according to D. Gauthier, 1999. 
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Study by Heinrich (2009) that develop a model to describe the particle size 
distribution and the seed formation for continuous external fluidized bed spray 
granulation. The related info that can be share is heat and mass transfer model. The 
following assumptions are; 
o The fluidization of the fluidized bed is homogeneous, i.e. the porosity of the 
bed is constant 
o Only the first period of drying is observed, i.e. the solid particles are non-
hygroscopic and absorb no moisture. 
o The liquid on the particles forms a coherent film of constant thickness M, 
which is independent of the particle diameter. 
o Ideal plug-flow of the fluidization gas (PFTR model) 
o Solid sizing is described by axial and radial dispersion coefficients. 
2.1.2 Fluidizing velocity 
Shaun (2003) had done the studies to examine the operating conditions (airflow rate 
and particle loading) and coater configuration (the gap between the draft tube and the 
air distributor) on solids motion. At a given airflow rate, large or heavy particles give 
a longer mean cycle time because smaller particles move more quickly in the draft 
tube for a given airflow rate and also pass more easily through the gap between the 
distributor and the draft tube. In a while, an increase in the airflow rate causes a 
decrease in the mean particle cycle time. 
In the study by Subramaniam (2003), three main factors had been considered to be 
tested; fluidizing gas velocity, gap height and design of the tablet deflector. In term 
of air (gas) velocity, there is a significance effect even for the small range of particles 
tested. The variable with the supreme effect is the gap height. Two types of 
experiments can be run to evaluate the effect of tablet deflectors on coating 
variability within each bath; continuous-coating experiments and pulse-coating 
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experiments. From several type of deflectors been tested, one of the modified 
deflector has the highest coating efficiency and come out to turn out lowest dusting 





The overall methodology of this study can be divided into two major parts: 
1. Experimental set-up 
11. Image processing 
111. Measuring technique 
3.1.1 Experimental setup 
The experiments described in this project are performed in a fluidized bed as shown 
in Fig. 3.1. 
Figure 3.1: Fluidized bed equipments 
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It consists of a Plexiglass rectangular column with height of 55cm and width of 
7 em, a syringe and air regulator that provides the fluidizing gas to establish required 
superficial gas velocity and camera Sony XC 75CE CCD, Sony Inc. 
The distribution plate is made of a wire mash tray with a pore size of 20 11m and a 
fractional free area of 60%. Sand and granular ureas with different size are used as 
the particle. The particles are sieved and particles are divided into 1.64mm(sand), 
2.36mm(urea) and 3.35mm(urea). The gas-solid fluidization behaviour in the 
fluidized bed is investigated by changing pressure and particle sizes. The high speed 
camera is placed in front of the fluidized bed to capture the dynamic images at a 
speed of 3000 frames per second. The gas supply line is placed on the unmoving 
outer shell of the system. The fluidizing gas flows into the fluidized bed towards the 
bottom plate and fluidizes the particles by overcoming the centrifugal force. The high 
speed digital camera is placed above the system to capture the dynamic behaviour of 
the particle fluidization occurring in the fluidized bed at a speed of 3000 frames per 
second. Since the camera is fixed, the fluidization images can only be captured when 
the fluidized bed is in line with the lens during its moving. (Fei Wang, 20 II) 
The centre of a given tablet was then located in each field from the camera using a 
computer-generated crosshair. The horizontal and vertical distances between the 
successive images were computed and recorded. These data were then converted into 
magnitude and direction using the appropriate time lag. To obtain a map of tablet 
velocities in the rectangular column, the front face of the bed was divided into 8 em 









Figure 3.2: Camera setup used in the video imaging of the tablet movement through 
the rectangular column. 
(Ganeshkumar Subramanian, 2003) 
Voidage measurements were obtained in a given region of interest of the bed using a 
single CCD camera mounted perpendicular to the flat front face of the bed as in 
Fig.3.2. A shutter speed of 0.1 ms was used in order to obtain crisp, blur-free images. 
The software counted the number of tablets in the FOV automatically. To convert the 
number count to a voidage, the depth of field (DOF) of the camera and lens system 
had to be found. The DOF was obtained by calibration and using this value with the 
known volume of tablets in a given volume of bed, the local void volume in the bed 
was calculated. (Ganeshkumar Subramanian, 2003) 
r ~,~,, , .· 
II 
Figure 3.3: Experimental setup of the fluidization system. 
All steps are repeated using different atomizing air pressure, different sizing of 
distribution plate and different granular urea size. 
The resu lts are compared and analyzed. 
3.1.2 Image processing 
The image processing technique was follow as in Laihong Shen, 2004. The high 
shutter speed feature is essential for capturing fast moving images without a blurring 
effect, especially in the measurement of bubble movement. The auto-gain feature of 
digital video camera enables self-adjustment of the illumination level under the 
influence of the background or surrounding brightness. The films are recorded in the 
Red, Green and Blue (RGB) format. The time duration of each process is about 
5-6 minutes. Then the films of digital video image from the video camera are 
transferred to a computer. The relative image area of the films is captured by an 
image frame-grabber. With the image processing toolbox of Matlab, computer 
software is developed to automate the procedures for image acquisition, data 
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processing and analysis for frame by frame. Then the time-averaged data about 
bubble characteristics in the. bed is acquired. 
Fig. 3.4 is an example of image processing of a bubbling fluidized bed. It shows the 
process that bubbles grow up, split and erupt at the bed surface. The time delay 
between 1-2-3 frames is 1/3 second. Fig. 3.4 (a) is an original image. The image is 
then converted to the grey colour scheme. The initial step in image processing 
involves the discrimination of bubbles from the emulsion phase. When the image 
contrast is sufficient, phase identification is made possible by assigning a threshold 
value. With the process of image enhancement, data reduction, and analyzing images 
to extract information about their structure, the image is thresholded and then 
converted to the binary image. The binary segmentation mask of the bubbles is 
displayed in Fig. 3.4 (b). The white area in the bed is identified as bubble phase. 
The threshold value has an impact on the detection of bubble boundaries. It is 
assessed through the comparison of a typical frame of the video film with the binary 
segmentation mask of bubbles. And then the value is chosen to be a universal 
threshold value, and be applied to the whole procedure of image processing. Image 
contrast of bubbling fluidized beds is normally high, the delineation of the bubble 
boundary with high accuracy is acquired. Thus the binary thresholded images are 
used to study the bubble characteristics in bubbling fluidized beds. 
The detection and measurement of the bubble parameters are automated by 
employing a series of systematic edge searching routines. The initial step of the 
routine detects the number of the bubbles intersecting a line positioned at some 
height above the distributor. For every bubble detected, the complete boundary of the 
bubble may be delineated through further scanning across the image, as shown in 
Fig. 3.4 (b). 
13 
(a-1 ) (b-1) 
(a-2) (b-2) 
(a-3) (b-3) 
Figure 3.4: Principle of digital image analysis for a bubbling fluidized bed (a) 
original image (b) binary image 
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3.3 Measurement technique 
3.3.1 Bubble diameter 
Base on Fig.3.5, ruler is been put on the picture to measure what is the diameter 
bubble that been fo rm. It wi ll be measures at height above air distributor are I 0, 20. 
30, 40, 50, 60. 70 and 80mm. 
Figure 3.5: Bubble diameter measurement technique 
3.3.2 Bubble density 
After the binary image had been produce as in Fig. 3.4(b), by using Image Analyzer 
CNET, the data as in Fig. 3.6 can be achieved . 
..._.,. ... . 
... , .. ....  
... ... 
><· ... 
Figure 3.6: Data for bubble density 
Bubble density can be inferred as follows: 
6b= white projected areal specific area 
= background (gray) area I total area 
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3.3.3 Bed expansion 
Base on Fig. 3.7. the new bed height will be determined after the gas flow has been 
supplied. The bed expansion is measured using ruler by taking the highest location of 
the bed particle. 
Figure 3.7: Bed expansion measurement technique 
3.3.4 Velocity 
Take a randomly frame and located certain partic les as Early Point and been marking 
as 151 and 2nd as in Fig.3.8. Then, by manually observed the movement of the marking 
particles, a frame is se lected and been considered as End Poin t as in Fig. 3.9. 
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3rd: 1.6cm 
Figure 3.8: Height at Early point (0024) for Dp= 1.64mm. 0.25bar 
Figu re 3.9: Height at End point (0076) for Dr= 1.64mm. 0.25bar 
Example calculation of velocity i attached in Appendix I. 
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CHAPTER4 
RESULTS AND DISCUSSIONS 
This chapter presents the findings and discussions from the results obtained during 
lab work of preparation of hydrodynamics behaviour in a fluidized bed. The 
experimental set up is as shown in Figure 3.3. Sand with the size of 1.64mm is being 
used as the reference as it is small particle. Sample urea with the size of 2.36mm and 
3.35mm are the focusing particle for study. The result of hydrodynamics behaviour 
of sample urea with the size of 2.36mm and 3.35mm are being compared with sand 
that is already a common fluidized particle. 
4.1 BUBBLE DIAMETER, Db 
Experimental data about bubble diameter distribution versus height above air 
distributor is calculated as in Appendix II. The results are show in Table 4.1, 4.2 and 
4.3 for Dp = 1.64mm, Dp = 2.36mm and Dp = 3.35mm, respectively. 
Table 4.1: Bubble diameter distribution at specific height above air distributor for 
Dp= 1.64mm. 






























Table 4.2: Bubble diameter distribution at specific height above air distributor for 
Dp=2.36mm. 
Pressure (bar) Height (mm) Bubble diameter (mm) 
0.25 10 13.5 
10 11 
20 17 




















Table 4.3: Bubble diameter distribution at specific height above air distributor for 
Dp= 3.35mm. 
Pressure (bar) Height (mm) Bubble diameter (mm) 



















4.1.1 Effect of pressure to the bubble diameter at certain height above air 
distributor 
The graph of bubble diameter at certain height above air distributor of 0.25, 0.5, 0.75 
and 1.0 bar for Dp = 1.64mm are shown in Fig. 4.1, Fig. 4.2, Fig. 4.3 and 4.4. 
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Figure 4.1: Bubble diameter versus height above air distributor for Dp = 1.64mm, 
Hmr= 80mm, Pressure= 0.25bar 
At pressure of 0.25bar, as shown in Fig. 4.1, bubble diameter keep incresing for the 
range of height above air distributor are 1 Omm to 20mm. The formation of bubble 
diameter rupture afterward because it does not have enough pressuure to push the 
sand.upward. The 20mm height above air distributor is defined as the maximum 














0 20 40 60 80 100 
Height above air distributor (mm) 
Figure 4.2: Bubble diameter versus height above air distributor for Dp = 1.64mm, 
Hmr= 80mm, Pressure= 0.5bar 
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At pressure of 0.5bar, as in Fig.4.2 bubble diameter keep incresing from height above 
air distributor are I Omm to 50mm. Beyond 50mm, the formation of bubble diameter 
is decreasing and split due to instabilities at the bubble boundary. The 50mm height 
above air distributor is defined as the maximum bubble height, h* for the condition 
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Figure 4.3: Bubble diameter versus height above air distributor for Dp = 1.64mm, 
Hmr= 80mm, Pressure= 0.75bar 
At pressure of 0.75bar, as in Fig 4.3, bubble diameter keep incresing from height 
above air distributor is I Omm to 50mm. Beyond 50mm, the formation of bubble 
diameter are decreasing and split due to instabilities at the bubble boundary. The 
50mm height above air distributor is defined as the maximum bubble height, h* for 
the condition ofDp = 1.64mm, Hmr= 80mm and Pressure= 0.75bar. 
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Figure 4.4: Bubble diameter versus height above air distributor for Dp = 1.64mm, 
Hmr= 80mm, Pressure= l.Obar 
At pressure of LObar, as in Fig 4.4, bubble diameter keep incresing from height 
above air distributor are 1 Omm to 50mm. Beyond 50mm, the formation of bubble 
diameter is decreasing and split due to instabilities at the bubble boundary. The 
50mm height above air distributor is defined as the maximum bubble height, h* for 
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Figure 4.5: Bubble diameter versus height above air distributor, Dp = 1.64mm, 
Hmr= 80mm, Pressure= 0.25-l.Obar 
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Base on Fig. 4.5, at height above air distributor are I Omm and 40mm bubble 
diameter are decreasing with the increasing of pressure. At low pressure, bubble 
diameter easy to be form since it is small particle. 
However, according to J.Wiman, 1998, at high pressure, an increased gas-particle 
interaction, in combination with turbulent fluctuation in the gas phase, can be used to 
explain the increased bubble instability with a corresponding increased bubble 
splitting. In this case, it explains why small bubble diameter will be form at high 
pressure. 
The graph of bubble diameter at certain height above air distributor of 0.25, 0.5, 0. 75 
and 1.0 bar for Dp = 2.36mm are shown in Fig. 4.6, Fig. 4.7, Fig. 4.8 and 4.9. 
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Figure 4.6: Bubble diameter versus height above air distributor for Dp = 2.36mm, 
Hmf= 80mrn, Pressure= 0.25bar 
At pressure of 0.25bar, as in Fig. 4.6, bubble form at height above air distributor is 
I Omm only. The formation of bubble diameter rupture afterward because it does not 
have enough pressuure to push the sand. upward. The I Omm height above air 
distributor is defined as the maximum bubble height, h* for the condition of 
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Figure 4.7: Bubble diameter versus height above air distributor for Dp = 2.36mm, 
HmF80mm, Pressure= O.Sbar 
At pressure of O.Sbar, as in Fig 4.7, bubble diameter keep incresing from height 
above air distributor are I Omm to 50mm. The formation of bubble diameter rupture 
afterward because it does not have enough pressure to push the sand upward. The 
50mm height above air distributor is defined as the maximum bubble height, h* for 
the condition ofDp = 2.36mm, HmF80mm and Pressure= O.Sbar. 
40 
35 - ~= ; :: ~-- ... ·······/····~···-"~:........................................................ •... ~=--= 
1:1~-------~-------------·-· ... _ .. _.-._._.-._  ~.. -._--~~--__ -" __ "".".!..._ ...  · . -._--···_·-= 
0 ~0 20 30 40 so 60 70 so 90 
Height above air distributor (mm) 
Figure 4.8: Bubble diameter versus height above air distributor for Dp = 2.36mm, 
Hmf= 80mm, Pressure= 0.75bar 
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At pressure of 0.75bar,as in Fig. 4.8, bubble diameter keep incresing from height 
above air distributor are I Omm to 60mm. Beyond 60mm, the fonnation of bubble 
diameter is decreasing and split due to instabilities at the bubble boundary. The 
60mm height above air distributor is defined as the maximum bubble height, h * for 
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Figure 4.9: Bubble diameter versus height above air distributor for Dp = 2.36mm, 
Hmr= 80mm, Pressure = I.Obar 
At pressure of LObar, as in Fig. 4.9, bubble diameter keep incresing from height 
above air distributor are I Omm to 50mm. Beyond 50mm, the formation of bubble 
diameter is decreasing and split due to instabilities at the bubble boundary. The 
50mm height above air distributor is defined as the maximum bubble height, h* for 
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Figure 4.10: Bubble diameter versus height above air distributor for Dp = 2.36mm, 
Hmr= 80mm, Pressure = 0.25-l.Obar. 
Base on Fig. 4.1 0, at height above air distributor is 1 Omm, bubble diameter is 
increasing with the increasing of pressure except at 0.25bar. The measurement at 
0.25bar is happen because air pressure is centralized at the low height above air 
distributor region and created big bubble diameter. However, at height above air 
distributor is 40mm, bubble diameter is decreasing with the increasing of pressure. 
Compare to the bubble form in high pressure that rise in a bubbling fluidized bed and 
grow up rapidly in the beginning, the bubble in low pressure rise and grow up slowly 
and reach maximum value at high height above air distributor section. 
The graph of bubble diameter at certain height above air distributor of0.25, 0.5, 0.75 
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Figure 4.11: Bubble diameter versus height above air distributor for Dp = 3.35mm, 
Hmr= 80mm, Pressure= 0.25bar 
At pressure of0.25bar, as in Fig. 4.11, bubble form at height above air distributor is 
I Omm only. The formation of bubble diameter rupture afterward because it does not 
have enough pressuure to push the sand. upward. The I Omm height above air 
distributor is defined as the maximum bubble height, h * for the condition of 
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Figure 4.12: Bubble diameter versus height above air distributor for Dp = 3.35mm, 
Hmr= 80mm, Pressure= 0.5bar 
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At pressure of0.5bar, as in Fig. 4.12, bubble diameter keep incresing from height 
above air distributor are lOmm to 20mm. The formation of bubble diameter rupture 
afterward because it does not have enough pressuure to push the sand. upward. The 
20mm height above air distributor is defined as the maximum bubble height, h* for 
the condition ofDp = 3.35mm, Hmr= 80mm and Pressure= 0.25bar. 
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Figure 4.13: Bubble diameter versus height above air distributor for Dp = 3.35mm, 
Hmr= 80mm, Pressure= 0.75bar 
At pressure of 0.75bar, as in Fig. 4.13, bubble diameter keep incresing from height 
above air distributor are 1 Omm to 40mm. Beyond 40mm, the formation of bubble 
diameter is decreasing and split due to instabilities at the bubble boundary. The 
40mm height above air distributor is defined as the maximum bubble height, h* for 
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Figure 4.14: Bubble diameter versus height above air distributor for Dp = 3.35mm, 
Hmr= 80mm, Pressure= LObar 
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At pressure of LObar, as in Fig. 4.14, bubble diameter keep incresing from height 
above air distributor are I Omm to 40mm. Beyond 40mm, the formation of bubble 
diameter is decreasing and split due to instabilities at the bubble boundary. The 
40mm height above air distributor is defined as the maximum bubble height, h* for 
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Figure 4.15: Bubble diameter versus height above air distributor for Dp = 3.35mm, 
Hmr= 80mm, Pressure = 0.25-LObar, 
Base on Fig. 4.15, at height above air distributor is I Omm, bubble diameter is 
increasing with the increasing of pressure except at 0.25bar and 0.5bar. The 
measurement at 0.25bar is happen since it is the only data as in Fig 4.11 and the 
measurement at 0.5bar is been neglected since it form bubble up until 20mm height 
above air distributor only as in Fig 4.12. It mean the air pressure is centralized at the 
low height above air distributor region and created big bubble diameter although it 
been supply by a low pressure. 
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At height above air distributor is 40mm, bubble diameter is increasing with the 
increasing of pressure. Bubble diameter is keep increasing with pressure at both 
section, low and high height above air distribution is due to the size. Big particle, 
Dp = 3.35mm is been used, that why high pressure is critical in order to produce high 
bubble diameter 
4.1.2 Effect of particle diameter (Dp) to the bubble diameter at certain 
height above air distributor 
The graph of bubble diameter at certain height above air distributor of Dp = 1.64, 
2.36 and 3.35mm for 0.25, 0.5, 0.75 and 1.0 bar are shown in Fig. 4.16, Fig. 4.17, 
Fig. 4.18 and 4.19. 
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Figure 4.16: Bubble diameter versus height above air distributor for Dp = 1.64, 
2.36 and 3.35mm, Hmr= 50mm, Pressure= 0.25bar 
Base on Fig. 4.16, diameter particle, Dp = 1.64 form bubble up until 20mm height 
above air distributor compare than Dp = 2.36 and 3.35 that only form bubble up until 
I Omm height above air distributor only. This happen because Dp = 1.64 is small in 
term of size compare to Dp = 2.36mm and Dp = 3.35mm. This characteristic makes 
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Figure 4.17: Bubble diameter versus height above air distributor for Dr= 1.64, 2.36 
and 3.35mm, Hmr= 50mm, Pressure= 0.5bar 
Base on Fig. 4.17, diameter particle, Dr= 1.64 and 2.36 form bubble up until 50mm 
height above air distributor compare than Dr = 3.35 that only form bubble up until 
20mm height above air distributor only. This happen because Dr= 3.35mm is big in 
term of size. This characteristic makes bubble difficult to be form and rise in a 
bubbling fluidized bed. 
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Figure 4.18: Bubble diameter versus height above air distributor for Dp = 1.64, 2.36 
and 3.35mm, Hmr= 50mm, Pressure= 0.75bar 
Base on Fig. 4.18, diameter particle, Dr = 1.64 and 2.36 form bubble up until 50mm 
height above air distributor compare than Dr = 3.35 that only form bubble up until 
40mm height above air distributor only. This happen because Dr= 3.35mm is big in 
term of size. This characteristic makes bubble difficult to be form and rise in a 
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Figure 4.19: Bubble diameter versus height above air distributor for Dp = 1.64, 2.36 
and 3.35mm, Hmr= 50mm, Pressure= 1.0bar 
Base on Fig. 4.19, diameter particle, Dp = 1.64 and 2.36mm form bubble up until 
50mm height above air distributor compare than Dp = 3.35mm that only form bubble 
up until 40mm height above air distributor only. This happen because Dp = 3.35mm 
is big in term of size. This characteristic makes bubble difficult to be form and rise in 
a bubbling fluidized bed. 
4.2 BUBBLE DENSITY, ob 
Experimental data about bubble density is calculated as in Appendix III. The results 
are show in Table 4.4, 4.5 and 4.6 for average particle diameters (Dp) of 1.64, 2.36 
and 3.35mm and pressure of0.25-1 bar. Later, it been presented into Fig. 4. 20. 
Table 4.4: Bubble density for Dp = 1.64mm. 
Pressure (bar) Background Particle Bubble density 
0.25 23.7315 10628.86 0.002228 
0.5 95.1359 10349.86 0.009108 
0.75 142.2488 7807.304 0.017894 
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Base on Fig. 4.20, it can be split into 2 regions; low and high pressure regions .. 
Bubble density is increase with particle size at low pressure (0.25 bar and 0.5 bar), 
first region. However, bubble density decrease with particle size at high pressure 
(0.75 bar and I bar), second region. 
At low pressure, bubble density increases with the particle size. However, according 
J.Wiman, 1998, at high pressure, an increased gas-particle interaction, in 
combination with turbulent fluctuation in the gas phase, can be used to explain the 
increased bubble instability with a corresponding increased bubble splitting. In this 
case, it explains why small bubble diameter will be form at high pressure. 
4.3 BED EXPANSIONS 
Experimental data about bed expansion is calculated as in Appendix IV. The results 
are show in Table 4.7, 4.8 and 4.9 for average particle diameters (Dp) of 1.64mm, 
2.36mm and 3.35mm and pressure of 0.25-1 bar. Later, it been presented into 
Fig. 4.21. 
Table 4.7: Bed expansion for Dp = 1.64mm. 
Pressure (bar) 







Table 4.8: Bed expansion for Dp =2.36mm. 
Pressure (bar) 






Table 4.9: Bed expansion for Dp = 3.35mm. 
Pressure (bar) 














0 0.25 0.5 0.75 1 L25 
Pressure {bar) 






Base on Fig. 4.21, the results show that the bed new height consistently increases 
with increasing pressure. As shown in Fig. 4.21, there is a clear increase in the 
bubble activity with increasing pressure and generally also with excess gas velocity. 
At a similar pressure for the particle sizes investigated here (urea with the size of 
2.36mm and 3.35mm), there is small significant influence of the particle size can be 
seen on the bed new height. The bed new height decreased with the particle size. 
4.4: BUBBLE RISING VELOCITY, Ub 
Experimental data about bubble rising velocity are calculated as in Fig. 3.8, 3.9 and 
the others in Appendix V. The results are show in Table 4.10, 4.11, 4.12 and 4.13 for 
average particle diameters (Dp) of 1.64mm with the pressure of 0.25-1 bar. 
Table 4.10: Velocity for Dp= 1.64mm, 0.25bar 
Height Height The No. No. The Time Velocity Average 
at at End difference Picture Picture difference difference (cm/s) velocity 
Early point of height for for number between (cm/s) 
point (em) between Early End of Early 
(em) Early point point pictures point to 
point to End point 
End point (second) 
(em) 
1.51 2.77 1.26 72.7063 
1.75 4.15 2.40 138.4615 
0024 0076 52 0.01733 102.1154 
1.60 3.25 1.65 95.1923 
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Table 4.11: Velocity for Dp= 1.64mm, 0.5 bar 
No Height Height The No. No. The Time Velocity Average 
at at End difference Picture Picture difference difference (cm/s) velocity 
Early point of height for for number between (cm/s) 
point (em) between Early End of Early 
(em) Early point point pictures point to 
point to End point 
End point (second) 
(em) 
l st 1.5 4.05 2.55 94.4444 
I 05.5556 
2na 4.2 7.35 3.15 0100 0181 81 0.027 116.6667 
Table 4.12: Velocity for Dp= 1.64mm, 0.75 bar 
No Height Height The No. No. The Time Velocity Average 
at at End difference Picture Picture difference difference (cm/s) velocity 
Early point of height for for number between (cm/s) 
point (em) between Early End of Early 
(em) Early point point pictures point to 
point to End point 
End point (second) 
(em) 
l st 
1.7 4.0 2.3 121.0526 
160.5263 





Table 4.13: Velocity for Dp= l.64mm, 1.0 bar 
Height Height The No. No. The Time Velocity Average 
at at End difference Picture Picture difference difference (cm/s) velocity 
Early point of height for for number between (cm/s) 
point (em) between Early End of Early 
(em) Early point point pictures point to 
point to End point 
End point (second) 
(em) 
3.76 5.5 1.74 174 
167.5 
3.79 5.4 1.61 0001 0031 30 O.ol 161 
Corresponding to Fig. 3.8, 3.9 and 49 to 54(Appendix V), the experimental data 
about the average bubble rising velocity, Ub,is shown in Table 4.1 0-4.13. By 
increasing the pressure from 0.25 to 1.0 bar, the bubble velocity is keep increase. 
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Ergun equation: 
150 (1- E) 2 V!l L 1.75 (1- E)pV 2 L 
l:lP = c-3n<i2Dz + 3 
<-- Y-ls p E Dp0s (I) 
where: ~p is the pressure drop, pis density, kgm-3 
(J>s is sphericity, Vis superficial velocity, ms-1 
E is void friction , Dp is diameter particles, m 
fl is viscocity, kgm-1s" 1 L is depth of column, m 
Evaluated from Ergun equation, the increasing of pressure drop may increase the 
superficial velocity. Thus, the result experiment of bubble rising velocity is 
supported by Erqun equation. 
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CHAPTERS 
CONCLUSIONS AND RECOMMENDATIONS 
5.1 CONCLUSIONS 
Films on the bubbling fluidized bed are captured using high speed camera. The high 
shutter speed feature is beneficial for capturing fast moving particle without a 
blurring effect, especially in the measurement of bubble movement. The application 
of digital image analysis can be done with the using of it. A qualitative and 
quantitative analysis of freely bubbling fluidized beds had been used to acquire data 
for understanding bubble diameter, bubble density, bed expansion and bubble rising 
velocity. 
The results show that the bubble diameter increase with height above air distributor 
until maximum bubble height, h*, beyond which bubbles do not grow further and 
become unstable and break up. The height h* is a particle size dependency. As the 
density for all the particles are quite similar, it been considered as identical. By 
analyzing bubble diameter with the different pressure and size of particles, it can be 
seen that they are correlated; the graph look alike. The pattern of graph that is look 
alike, show minor effect of different pressure and size of particles toward bubble 
diameter. 
The bubble density is not uniform throughout the bed cross section in the rectangular 
column. Bubble density increase with particle size at low pressure (0.25 bar and 0.5 
bar), first region and decrease with particle size at high pressure (0.75 bar and I bar), 
second region. 
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The bed new height (bed expansion) is increase with pressure and decrease with 
particle size. Lastly, the result experiment of bubble rising velocity is supported by 
Erqun equation; increasing the pressure will increase the bubble velocity. 
5.2 RECOMMENDATIONS 
1. By using more firm body of fluidized bed, a better result should be get since 
our study focusing on urea with is big size particles that need high pressure to 
fluidize. 
n. The data from this experiment should be comparing with the experiment that 
has source of air moving like sprinkler system. Images of sand that source of 
air is unmoved as in Fig. 4.22(a) are compared with the images of sand that 
source of air moving like sprinkler system as Fig. 4.22 (b). It can be seen 
clearly that the sand is mixing more active. As a consequence, it may enhance 
fluidized bed reactors performance since that required an excellent mass and 
heat transfer. 
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Figure 4.22: Image o f sand with the Dp = 1.64mm, H111 r = 80mm, Pressure= 0.25 bar 
(a) source of air is unmoved (b) source of air moving like sprinkler system 
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Example calculation of velocity: 
(I''): 
i. The difference of height between Early point to End point (em) 
Height at End point (em)- Height at Early point (em) 
2.77-1.51= 1.26 
ii. The difference number of pictures 
No. picture for End point- No. picture for Early point 
76-24 =52 
iii. Time difference from Early point to End point 
The camera will take 3 000 pictures per second 
3 000 pictures = I second 
Thus, to take 52 pictures, the time needed is 
lsecond 2 · 0 01733 d 
3000 pictures x 5 pictures= . secon 
iv. Velocity 
The differ-ence of height benveen .Early point to End point(cm) 




v) Average velocity 
I st velocity+ 2nd velocity+ 3'ct velocity 
3 
= (72.7063+ 138.4615+ 95.1923) 
3 
= 102.1154 cm/s 
Appendix IJ 
Figure I: Bubble diameter distributions for height above air distributor. Dp= 1.64mm, 
Pressure= 0.25 bar 
Figure 2: Bubble diameter distributions for height above air distributor. Dp= 1.64mm, 
Pressure= 0.5 bar 
Figure 3: Bubble diameter distributions for height above air distributor. Dp= 1.64mm, 
Pressure= 0.75 bar 
Figure 4: Bubble diameter distributions for height above air distributor. Dp= 1.64mm. 
Pressure= 1.0 bar 
Figure 5: Bubble diameter distributions for height above air distributor. Dp= 2.36mm, 
Pressure= 0.25 bar 
Figure 6: Bubble diameter di stributions for height above air distributor. Dp= 2.36mm, 
Pressure= 0.5 bar 
Figure 7: Bubble diameter distributions for height above air distributor. Dr= 2.36mm, 
Pressure= 0.75 bar 
Figure 8: Bubble diameter distributions for height above air distributor. Dp= 2.36mm, 
Pressure= 1.0 bar 
Figure 9: Bubble diameter distributions for height above air distri butor. Dp= 3.35mm, 
Pressure= 0.25 bar 
Figure I 0: Bubble diameter distributions for height above air di stributor. Dp= 
3.35mm, Pressure= 0.5 bar 
Figure II: Bubble diameter distributions for height above air di stributor. 
Dp=3.35mm, Pressure= 0.5 bar 
Figure 12: Bubble diameter distributions for height above air di stributor. Dp-
3.35mm, Pressure= 1.0 bar 
Appendix III 
Figure 13: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 14: Calculation of bubble density for Dp= 1.64mm, 0.25 bar 
Figure 15: Principle of digital image analys is for a bubble density (a) original image (b) 
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Figure 16: Calculation of bubble density for Dp= 1.64mm, 0.5 bar 
Figure 17: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 18: Calculation of bubble density for Dp= 1.64mm, 0.75 bar 
Figure 19: Princ iple of digital image analysis for a bubble density (a) original image (b) 
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Figure 20: Calculation of bubble density for Dp= 1.64mm, 1.0 bar 
Figure 21: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 22: Calculation of bubble density for Dp= 2.36mm, 0.25 bar 
Figure 23 : Principle of digital image analys is for a bubble density (a) original image (b) 
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Figure 24: Calculation of bubble density for Dp= 2.36mm, 0.5 bar 
Figure 25: Principle of digital image analysis fo r a bubble dens ity (a) original image (b) 
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Figure 26: Calculation of bubble density for Dp= 2.36mm, 0.75 bar 
Figure 27: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 28: Calculation of bubble density for Dp= 2.36mm, 1.0 bar 
Figure 29: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 30: Calculation of bubble density for Dp= 3.35mm. 0.25 bar 
Figure 31: Principle of digital image analysis for a bubble density (a) original image (b) 
binary image for Dp= 3.35mm. 0.5 bar 
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Figure 32: Calculation of bubble density for Dp= 3.35mm. 0.5 bar 
Figure 33: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 34: Calculation of bubble density for Dp= 3.35mm, 0.75 bar 
Figure 35: Principle of digital image analysis for a bubble density (a) original image (b) 
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Figure 36: Ca lculation of bubble density for Dp= 3.35mm, 1.0 bar 
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Figure 37: Bed expansion at Dp= 1.64mm. 0.25 bar 
Figure 38: Bed expansion at Dp= 1.64mm. 0.5 bar 
Figure 39: Bed expansion at Dp= 1.64mm, 0.75 bar 
Figure 40: Bed expansion at Dp= 1.64mm. 1.0 bar 
Figure 41: Bed expansion at Dp= 2.36mm. 0.25 bar 
Figure 42: Bed expansion at Dp= 2.36mm, 0.5 bar 
Figure 43: Bed expansion at Dp= 2.36mm, 0.75 bar 
Figure 44: Bed expansion at Dp= 2.36mm, 0.75 bar 
Figure 45: Bed expansion at Dp= 3.35mm. 0.25 bar 
Figure 46: Bed expansion at Dp= 3.35mm, 0.5 bar 
Figure 47: Bed expansion at Dp= 3.35mm, 0.75 bar 
Figure 48: Bed expansion at Dp= 3.35mm, 1.0 bar 
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Figure 50: Ceig at J"ld point JD 181 <fir Dp= I. 4mrn , 0.5 bar 
Figure 51: Oeig at rJil point oor 7JLOr Dr= I. ~4mm, 0.75 bar 
Figure 5 Deig at Ond point 0154 OJl Dr= I. 4mm, 0.75 bar 
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Figure 54: Deig at ~d point CID03 1 ..., 6Jl Dr= I. 4mm. 1.0 bar 
